This review covers the recent developments in the field of biobased packaging materials. Special emphasis is placed on the barrier properties, which are crucial in terms of food packaging. The state-of-the-art of several biopolymers including pectin, starch, chitosan, xylan, galactoglucomannan, lignin and cellulose nanofibrils is discussed. As in most cases the packaging related properties of single layer biopolymer films are inadequate, the thin film coatings, such as sol-gel and ALD (atomic layer deposition), as well as the multilayer coatings are also briefly touched.
Introduction
Biobased plastics and biopolymers have been widely studied in recent years. Replacing the oil-based packaging materials with biobased films and containers might give not only a competitive advantage due to more sustainable and greener image, but also some improved technical properties. Sustainable economy utilizes mainly biomass derived raw materials for high-volume applications, such as packaging [1] . Special attention should be paid to barrier properties which are extremely important especially for biobased food packaging materials. Moisture resistance with hydrophilic polymers is in many cases inadequate, thus excessive water vapour transmission through packaging dilutes the quality of foods resulting in shorter shelf-lives, increased costs and eventually more waste. Typical and widely used bioplastics include polylactic acid (PLA), polyhydroxyalkanoates (PHA), polyhydroxybutyrates (PHB), cellophane etc. As with all bioplastics, the barrier properties of for example PLA films can be improved by adding fillers such as nanoclays [2] . Among the bioplastics, polyglycolic acid (PGA) has excellent barrier properties thus it's one of the most promising new commercially available barrier polymers. Its precursor, glycolic acid, can now be produced via a natural metabolic route, the glyoxylate cycle [3] .
This review describes some of the most studied biopolymers which may have a great importance in the future packaging business. The aim is to cover recent developments with respect to their potential for use in the sustainable and green packaging industry. Especially the barrier properties are identified as key issues for effective utilization of biobased materials [1] .
Biopolymers

Pectin
Pectin is a structural heteropolysaccharide found in the primary cell walls of terrestrial plants such as sugar beet. From a physico-chemical point of view pectin is an anionic polyelectrolyte, thus ionic interactions have a great impact on its film forming properties and behaviour in dispersions with e.g. nanoclays. Pectin films plasticized with glycerol and further incorporated with nanoclay (>98% montmorillonite) were prepared by casting onto Petri dishes. In order to ensure the sufficient delamination and nanosized structure of the nanoclay platelets, the powder was first dispersed in water using either ultrasonic treatment or high pressure fluidization. The model surfaces were prepared by spin coating onto silica surfaces from the aqueous dispersions after both pre-treatments. The high pressure fluidizer treatment produced an even and more homogenous layer of parallelly oriented nanoclay platelets with the narrower size distribution as compared to particles after ultrasonic treatment. Thus, high pressure fluidizer treatment was selected as an efficient and easily up-scalable method to produce bio-hybrid nanocomposite dispersions. The resulting bio-hybrid nanocomposite films were totally greaseproof and also showed improved barrier properties against oxygen and water vapour (see Table 1, Table 2 ) [4] . Recently, pectin solutions have been roll-to-roll flexo-coated with semi-industrial pilot-line onto argon/nitrogen plasma-activated oriented polypropylene (OPP) film [5] . Plasma-activation was carried out inline to increase the surface energy of OPP film prior the coating with water-based pectin solution. Pectin was easily spread onto activated surface forming an even and smooth dry coating. Also other biopolymers, such as various starch grades and wood-derived xylan can be coated in a similar manner [6] .
Starch
Starch films can be produced either by extrusion [7] [8] or casting [9] [10] . Plasticizers, such as glycerol, sorbitol or xylitol, are typically used for reducing the brittleness [11] . At low glycerol concentrations both strain and strength decreased but above 20% glycerol concentration the elongation reached larger values [12] . Effects of glycerol, sorbitol or xylitol on physical and mechanical properties of starch films were largest for glycerol and smallest for sorbitol. High contents of xylitol and sorbitol resulted in changes in physical and mechanical properties of films probably due to phase separation and crystallization [11] . Crystallization can be prevented by using binary polyol mixtures as plasticizers. Water sorption and water vapour permeability were lower for the films plasticized with xylitol-sorbitol mixture compared to the films plasticized with glycerol-xylitol and glycerol-sorbitol mixtures at constant plasticizer contents [13] . Oxygen permeability of the films was strongly dependent on the water content. At low humidity conditions the films are typically excellent barriers against oxygen transmission, but when the water content rises above 20% the barrier is mostly lost. The increased permeability was most likely due to increased polymer chain mobility, which facilitated the transport process [14] . Oxygen permeability of starch films can be decreased by using below 21% of sorbitol. This behaviour was related to changes in secondary relaxations which are hindered because of the connections established between starch and sorbitol, leading to decreased diffusion of oxygen molecules. For sorbitol contents above 21%, oxygen permeability increased slightly. Water produced a classic plasticising effect (an increase of oxygen permeability), but at low sorbitol content this was only moderate due to the effect of sorbitol itself [15] . Compounding starch and glycerol with PCL (polycaprolactone) decreased the water vapour permeability of extruded films. Oxygen barrier properties however were impaired above 20% PCL concentration [16] .
Chitosan
Chitosan, the β-1-4-linked polymer of 2-amino-2-deoxy-β-d-glucose, is prepared by the N-deacetylation of chi- Chitosan + 17% nanoclay 20,000 [18] Chitosan + 50% nanoclay 18,500 [18] Chitosan + 67% nanoclay 18,600 [18] Chitosan crosslinked 11,000 [17] Chitosan crosslinked + 50% nanoclay 7200 [17] CNF b bleached softwood 20,000 [35] CNF b bleached hardwood 24,000 [35] PVA-CNF 31,500 [36] PVA-CNF + 50% nanoclay 17,500 [36] CNF bleach birch pulp 17,000 [39] CNF a bleach birch pulp 17,000 [39] CNF bleach birch pulp (heat treated) 15,000 [39] PVA 45,000 [48] CNF-PVA 50,000 [48] Epoxy-CNF-PVA 49,000 [48] a Plasticized with glycerol. b Plasticized with sorbitol.
tin, the second most abundant natural biopolymer after cellulose. Chitosan is soluble in dilute aqueous acid solutions and has been widely studied due to its good film forming properties. Chitosan can be used as such in cast free standing films [17] [18] or it can be applied as a coating onto paper/board or plastic films [19] - [21] . Chitosan dissolved in 1% acetic acid was applied onto copy paper by lab-scale bar coater and dried at 105˚C. Chitosan coatings clearly improved both the gloss and oxygen barrier properties of paper. The gloss value in the machine direction was increased as a function of added chitosan. Oxygen transmission rate at 0% relative humidity was decreased from >10,000 cc/m 2 /day to 1.1 cc/m 2 /day with 6.9 g/m 2 chitosan coating. In addition, the effects on the mechanical properties were positive, but not significant. The water vapour permeability of the paper increased as a result of the chitosan coating [19] . Chitosan can also be immobilized onto NH 3 -or CO 2 -plasma activated polypropylene films by exploiting either carbodiimide or glutaraldehyde chemistries. Chitosan coatings made film surfaces hydrophilic and prevented clearly both oxygen, carbon dioxide and ethylene transmission. Oxygen transmission rate at 0% RH decreased from 1500 cc/m 2 /day to 27 cc/m 2 /day with 1.8 g/m 2 chitosan coating [20] . Barrier properties can be further improved by using nanoclays incorporated into chitosan. Nanoclay was mixed with chitosan and further dispersed using ultrasonic treatment and coatings were applied onto plasma-activated LDPE-coated paper by lab-scale coater. Also free-standing films were cast onto Petri dishes. Bio-hybrid nanocomposite films and multilayer coatings had improved barrier properties against oxygen, water vapour, grease, and UV-light transmission. Oxygen transmission was significantly reduced under all humidity conditions. In dry conditions, >99% reduction and at 80% relative humidity almost 75% reduction in oxygen transmission rates was obtained. Hydrophilic chitosan was lacking the capability of preventing water vapour transmission, thus total barrier effect of nanoclay containing films was not more than 15% as compared to pure chitosan (see Table 1, Table 2 ) [18] .
Xylan
Xylan is alkali extracted from kraft hardwood pulp. It is almost as ubiquitous as cellulose in plant cell walls and contains predominantly β-D-xylose units linked as in cellulose. Xylan as such is not suitable for film formation due to its high internal cohesion, which results in fragile and fragmented films. Thus, xylan needs to be plasticized externally or internally. It can be further hydroxypropylated resulting in water soluble derivative with improved film forming properties. The inner plasticization with hydroxypropyl groups can be combined with external plasticization using glycerol or sorbitol. The biodegradability, high degree of biobased raw materials, and non-food origin of hydroxypropylatedxylan (HPX) coatings and films make them an interesting option for food packaging [22] . Coatings of aqueous HPX solutions containing glycerol and sorbitol were applied with a lab-scale bar coater onto a pigment coated board. 5% citric acid was used as a biobased crosslinker to enhance the barrier properties. A crosslinked HPX coating demonstrated a good grease and mineral oil barrier as well as low oxygen transmission rate of 200 cm 3 /m 2 /day at 50% relative humidity. Water vapour permeabilities of the xylan coatings were slightly below that measured for the commercial biopolymer, polylactic acid (PLA), coating [23] . Also the free standing HPX films plasticized with 10% and 20% of sorbitol had relatively low oxygen permeabilities at <75% relative humidity [24] . In addition, fatty acid esters of hemicelluloses and cellulose have been coated successfully on paper/board. The coatings were hydrophobic and provided good grease and moisture barrier properties. The best water and water vapour barrier was achieved with the cellulose derivatives esterified with the longest fatty acid. Benzyl ether derivatives of birch xylan with varying degree of substitution have recently been prepared. These derivatives are also hydrophobic and thermoplastic capable of forming free standing films from organic solvents [25] - [27] . The paper sheets prepared from the esterified cellulose fibers showed high hydrophobicity [28] . The barrier properties of xylan may be further improved through nanoclay reinforcement in aqueous medium. The nanoclay dispersions were mixed with the plasticized (glycerol) xylan, resulting in homogeneous and viscous coating solutions. Xylan-nanoclay dispersion was further coated onto paper by lab-scale bar coater. The coatings significantly enhanced water vapour barrier properties [29] .
Galactoglucomannan
The main hemicellulose in softwood is O-acetyl-galactoglucomannan (AcGGM). AcGGM has a main chain of β-(1→4)-linked D-mannose and D-glucose with α-(1→6)-linked D-galactose moieties in various amounts.
AcGGM is soluble in water and organic solvents. The solubility properties can be attributed to a high degree of acetylation in combination with a low molecular weight. Cast films have been produced with plasticizers such as glycerol, sorbitol and xylitol, and the biobased polymers such as alginate and carboxymethylcellulose (CMC). The addition of plasticizers resulted in increased film flexibility and moisture sensitivity. With other biobased polymers, the mechanical strength and resistance towards humidity increased [30] .
Lignin
Lignin is one of the most abundant natural polymers, together with cellulose and hemicellulose. Softwood lignin has been esterified with tall oil fatty acid (TOFA) and applied with a lab-scale bar coater onto paperboard. The WVTR of the paperboard was reduced by 70% with a TOFA lignin ester double coating of 3.9 g/m 2 . Also a decrease in oxygen transmission was observed for the TOFA lignin ester as well as the TOFA coated paperboard samples. The coating material did not affect the tensile strength of the paperboard [31] . Esterification with palmitic and lauric acid chloride resulted in coatings with improved moisture barrier properties. A significant decrease in water vapour transmission was observed, for example, 40 g/m 2 /day for a paperboard coated with 10.4 g/m 2 hardwood kraft lignin palmitate. For all paperboard samples coated with lignin esters, a significant decrease in oxygen transmission rate was observed [32] .
CNF
Cellulose nanofibrils (CNF), also referred to as nanocellulose are typically generated by mechanical grinding or high pressure fluidisation. CNF consists of very thin (~20 nm) and long (several µm) fibrils and in low concentrations of <2%, it forms a gel-like, transparent material which can be used for producing biodegradable and en-vironmentally safe, homogenous and dense films [33] [34] . CNF can be produced from various raw materials. Recently CNF films have been prepared from banana, sugar beet, hemp, softwood and hardwood pulps. Films were plasticized with 30% of sorbitol and they had some promising technical properties including grease proofness and high barrier against oxygen transmission especially at dry conditions (see Table 1 ) [35] . Lab-scale nanocomposite films of CNF, polyvinyl alcohol (PVA), and montmorillonite nanoclay were prepared via casting onto Petri-dishes. PVA matrices were further crosslinked with polyacrylic acid. Nanoclay provided an improved barrier properties against both water and oxygen transmission through the films. Permeability and adsorption were further reduced by crosslinking, while oxygen barrier properties were remarkably enhanced also at high humidity conditions (see Table 1 ) [36] . Recently, a semi-industrial roll-to-roll pilot-line has been utilized in production of high quality CNF films with excellent technical properties. The developed method is easily up-scalable and brings CNF film production a step closer to commercialization [37] .
Modification towards Better Properties
In addition to incorporation of nanoclays, the barrier properties of biopolymers may be improved by chemical and physical crosslinking, or with surface treatments, such as grafting and coating. For example, the plasma or heat induced oxidation/degradation can promote chain scission and crosslinking on surfaces. By heating the coatings over melting point and cooling them slowly back to room temperature, the coating density, morphology, crystallinity and spherulite size can be modified towards better barrier properties [38] . Heat treatment at 200˚C induced irreversible hydrogen bonding to cellulose which improved both barrier properties and mechanical strength of CNF films (see Table 1, Table 2 ) [39] . Chitosan-nanoclay bio-hybrid films have been successfully crosslinked with glutaraldehyde, genipin and glyoxal. Moisture sensitivity of films decreased as a result of crosslinking which led to improved barrier properties against water vapour and oxygen transmission at high humidity (see Table 1, Table 2 ) [17] . Enzymatically crosslinked casein coatings have been applied onto corona-treated PE film and board for improving the packaging related surface properties [40] . Recently, the aqueous crosslinked PLA dispersions were coated onto board at pilot-scale [6] [41] . For decreasing the moisture sensitivity, the hydrophobic softwood galactoglucomannan films have been prepared by benzylation. Also styrene grafting of films based on unmodified AcGGM by plasma and vapour-phase treatments have been performed. Finally, lamination of an unmodified AcGGM film with benzylated AcGGM was also investigated in terms of water tolerance and oxygen permeability. Both surface grafting and especially the lamination method decreased the moisture sensitivity and improved the barrier properties [42] . Recently, the enzymatically treated cellulose has been dissolved in a NaOH/ZnO solvent system and mixed together with poly(ethylene-co-acrylic acid) or poly(acrylamide-co-acrylic acid) polymers, in order to improve the properties and prepare homogeneous cellulose-based blends for films and coatings. Dissolved cellulose/acrylic acid copolymer-based blends performed well as coating materials on paperboard. All blends showed a good resistance against grease with 2 µm coating layer. In addition, cellulose/poly(ethylene-co-acrylic acid) coating showed improved water vapour and oxygen barrier properties as compared with neat dissolved cellulose coated paperboard [43] . Plasma-activated biaxially oriented polypropylene (BOPP) films and paper substrates have been coated with hydrophobically modified chitosan solutions. Enzyme-catalysed grafting of octyl gallate and dodecyl gallate to amino groups of chitosan increased surface hydrophobicity and improved oxygen barrier properties [21] . Also CNF films have been enzymatically grafted with dodecyl gallate resulting in less hydrophilic coatings on paper [44] . An easy method to improve hydrophobicity and oxygen barrier properties of CNF films at very high humidity is to use simple paraffin wax coating. The films were dipped into the melted wax and the excess wax was removed from the surface resulting in both improved water vapour and oxygen barrier as well as the high surface hydrophobicity [45] . Multilayer coatings of CNF and shellac have been deposited on the fibre based substrates using a lab-scale bar coater or a spray coating technique. Multi-layer system with CNF as a first layer and shellac as the top layer decreased both oxygen and water vapour transmission rates [46] . Hydrophobization of the CNF film surface can also be achieved by chemical modification through silylation chemistry. After modification, the wettability of the film surface was drastically reduced. The hydrophobicity of the film did not only occur on the surface, but it was extended through the whole film, as verified by its significantly higher dimensional stability when submerged in water [47] . Chemically surface-modified CNF has been used as reinforcement in cast polyvinyl alcohol (PVA) films. CNF was allylated and further epoxidised with hydrogen peroxide. The addition of 1 wt% epoxy-CNF enhanced the modulus, strength and crystallinity of the pure PVA film [48] . In addition, the modified O-acetyl galactoglucomannans (GGM) have been recently utilized in modification of CNF film surfaces. Four GGM-block-structured, amphiphilic derivatives were synthesized using either fatty acids or polydimethylsiloxane as hydrophobic tails. It was found that the hydrophobic tails did not hinder adsorption of the GGM derivatives to cellulose, which was concluded to be due to the presence of the native GGM-block with high affinity to cellulose. CNF films were further prepared and coated with the GGM derivatives, but only slight improvements in oxygen barrier properties at high humidity were obtained [49] .
Thin Film Coatings and Multilayers
As single layer biopolymer films rarely can meet the industrial requirements set for packaging, the thin film coatings or integrated multilayer structures are necessary.
Sol-Gel
Sol-gel coatings are ceramic or organically modified hybrid materials formed from a colloidal solution (sol) that acts as a precursor. Typical process involves the hydrolysis of alkoxysilanes to produce hydroxyl groups, followed by polycondensation among these groups and residual alkoxy groups to form a three-dimensional polymeric network (or gel). The sol-gel coatings have been applied onto base paper by spraying resulting in the coating amount of 2 -5 g/m 2 . Coatings with a longer alkyl chain were found to decrease the wettability and absorption of base paper more efficiently [50] . Sol-gel hybrid coatings applied with roll-to-roll pilot-line onto PLA laminated paperboard improved also other barrier properties [51] . In addition, the atmospheric plasma pretreatment has been used to activate PE-coated paper prior to applying the sol-gel coatings. Sol-gels functionalised with long-chain hydrocarbon groups or amino groups were sprayed and cured by drying at 110˚C. Hydrophobic coatings containing long hydrocarbon chains were effective barriers against grease penetration whereas hydrophilic coatings with amino groups reduced oxygen transmission rates especially at low relative humidity. Plasma activation clearly improved adhesion and performance of both coatings [52] . Also hexamethyldisiloxane has been utilized as a siloxane precursor for the atmospheric plasma deposition of hydrophobic siloxane coatings on LDPE-coated paper and board. However, only minor improvements were obtained in water vapour barrier properties [53] .
ALD
Atomic layer deposition (ALD) technique is a surface-controlled layer-by-layer deposition process based on self-limiting gas-solid reactions. It is well suited to produce inorganic barrier coatings, such as Al 2 O 3 , SiO 2 and ZnO on various materials including synthetic and biobased plastics and biopolymers such as PLA, PHB, pectin, galactoglucomannan and cellulose nanofibrils [54] - [57] . Atomic layer deposited Al 2 O 3 has proven to be effective in enhancing the moisture and gas barrier properties of various films and coatings. With ALD ZnO coatings both barrier and antimicrobial properties of BOPLA and BOPP films were improved [58] . PLA films were coated with 20 nm polyelectrolyte multilayer film made from sodium alginate and chitosan and additionally with 25 nm ALD Al 2 O 3 layer. The double-coating was found to significantly enhance the water vapour barrier properties of the PLA film due to increased surface hydrophobicity [59] . ALD, electron beam evaporation, magnetron sputtering and a sol-gel method have been used to deposit thin aluminum oxide coatings onto LDPE-and PLA-coated board. Increased barrier performance against moisture and oxygen permeation rates were observed with each technique. However, among the techniques tested ALD was found to be most suitable [60] . Typically ALD coatings have been produced with slow batch processes. Recently, 30 -40 nm Al 2 O 3 barrier coatings were deposited onto cellophane, PLA and polyimide films with continuous roll-to-roll technique [61] .
Multilayers
Based on the LCA analysis, the biobased multilayer coating consisting of starch, nanoclay and inorganic nanolayer has been found favourable in terms of CO 2 emissions as compared to PET/aluminium coatings [62] . In some cases the individual biopolymer layers may even be attached to each other using biobased adhesives [63] . As single layer CNF films have relatively weak moisture resistance, flexibility and zero sealability, the multilayer structures have been recently produced. CNF was first dispersion coated onto PET film and further extrusion coated with LDPE resulting in a 3-layer structure. PET/CNF/LDPE film had excellent technical prop-erties which fulfilled both oxygen and water vapour barrier as well as sealability requirements of modified atmosphere food packaging. Demonstrator pouches filled with nitrogen were produced with the packaging machine and the oxygen concentration inside the packages was monitored as a function of time. As a result, CNF containing multilayer films performed better as compared to commercial 3-layer multilayer films containing EVOH barrier layer. The developed films could be used as a packaging material for dry or low moisture content food products such as dry snacks, dried fruits, nuts, spices etc. [64] .
Conclusion
Current trends in the packaging industry are towards lighter weight materials for reduction of raw material use, transportation costs, and minimizing the amount of waste. Interest in sustainable materials combined with barrier improving fillers will continue to growth [1] . As single layer biopolymer films rarely have competitive edge against synthetic films, the combination of individual layers to multilayer structures is necessary. By multilayer structures the technical properties may be dramatically improved.
